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Abstract-The fluorescence decay time of the biliverdin IXy chromophore present in biliproteins 
isolated from Pieris brassicae is determined to be 44 ? 3 ps. This value suggests a cyclic helical 
chromophore structure. The vibrational frequencies determined by CARS-spectroscopy are compared 
with those of model compounds. The data confirm that the chromophore in the protein-bound state 
adopts a cyclic-helical, flexible conformation. 
INTRODUCTION 
Biliproteins with biliverdin-type chromophores are 
found in plants and algae as well as in insects 
(Kayser, 1985). There are, however, considerable 
differences in both apoprotein and chromophore 
structure of chromoproteins found in plant bile pig- 
ments (Scheer, 1986; Rudiger, 1971) and those iso- 
lated from insects like the butterfly Pieris brassicae. 
In the latter case the chromophore, namely biliver- 
din IXy (Rudiger, 1971), is not covalently linked 
to the apoprotein. From absorption, emission and 
circular dichroism studies Scheer and Kayser (1988) 
concluded that the chromophore should adopt a 
cyclic helical structure in the protein-bound state, 
whereas in phycobiliproteins from e.g. blue-green 
algae, the chromophore is held in an extended con- 
formation by specific chromophore-protein interac- 
tion (see Fig. 1 for chromophore structures). In this 
note, we present additional experimental evidence 
for the above mentioned hypothesis on chromo- 
phore geometry. 
MATERIALS AND METHODS 
Details on the preparation of the biliprotein are given 
elsewhere (Kayser and Zipfel, 1988). Absorption and 
stationary emission spectra were recorded before and after 
each of the described measurements to check for photoin- 
duced deterioration; the absorption spectra were identical 
to those shown by Scheer and Kayser (1988). 
Polarized fluorescence decay curves were recorded by 
means of a Hamamatsu synchroscan streak camera. For 
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Scattering 
excitation in the red absorption band the output from a 
synchronously pumped dye laser was used. Details on 
the apparatus and the data handling have been described 
previously (Hefferle et a/. . 1984). 
Resonance-enhanced Coherent Anti-Stokes Raman 
Scattering (CARS)? was recorded with an apparatus 
described by Schneider et al. (1987). Two excimer laser- 
pumped dye lasers generated the pump and Stokes beam, 
respectively, with wavelengths X,, (fixed) and h, (variable). 
The intensity of the generated anti-Stokes radiation (wave- 
length AJ depends non-linearly on both the solvent back- 
ground and the resonance-enhanced solute contribution, 
for which reason rather complex line-shapes can occur (for 
more details see e.g. Schneider el a / . ,  19X7a and references 
therein). 
RESULTS 
The red absorption band of the native biliprotein 
extends from about 700 to 590 nrn (broad maximum 
around 660 nm, shoulder around 600 nm). The 
excitation wavelength was kept constant at 620 nm 
for all time-resolved fluorescence measurements, 
i.e. excitation occurred between short wavelength 
shoulder and absorption maximum. 
Fluorescence was monitored under magic angle 
either without or with spectral selection by inter- 
ference filters (716 nm and 743 nm). In addition 
fluorescence decay curves were recorded with the 
analyzer parallel (I,) and orthogonal ( I , )  to  the 
polarization of the excitation light. Since all decay 
curves looked alike, only one example is shown in 
Fig. 2 to demonstrate the achieved SIN ratio, the 
time resolution and the experimental curves on the 
basis of a single-exponential decay law (decay time 
44 ? 3 ps). It is noteworthy that even the polarized 
decay curves could be fit by mono-exponentials with 
the same lifetime. The ratio of the amplitudes 
Ip(l=O)/Zb(t=O) is found to be 3:l (under otherwise 
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Figure 1. Structures of chromophores. (1) Biliverdin IXy 
in biliprotein of Pieris brassicae. (2) Tryptophan substi- 
tuted 2,3-dihydrobilatriene (model chromopeptide). (3) 
Phycocyanobilin (extended geometry). 
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Figure 2. Isotropic fluorescence decay curves of biliprot- 
ein isolated from Pieris brassicae. Excitation 620 nm; 
detection 743 nm. Solid line is fit curve with T = 44 ps. 
identical conditions). From this, the limiting value 
for the fluorescence anisotropy R(t=O) is derived to 
0.4. 
The pump wavelength for recording the CARS- 
spectra was chosen to  be h,=640 nm in order to get 
a strong resonance enhancement. By tuning the 
Stokes laser beam from 685 to 720 nm, the differ- 
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Figure 3. CARS-spectrum of biliprotein of Fig. 1. A, = 
640 nm; 685 < A, < 780 nm. 
ence covers the interesting vibrational frequency 
region between 1100 and 1700 cm-1 (Fig. 3). 
Absorption spectra recorded before and after a 
CARS-scan were nearly identical (AOD < 1.5%). 
As CARS-spectra recorded with different sample 
concentrations produced the same spectra, a pertur- 
bation of the sample composition by the pump and 
Stokes laser can be excluded. The overall appear- 
ance of the CARS-spectrum is similar to that of 
phycocyanin trimers from Mastigocladus laminosus 
(Schneider et a / . ,  1987). There are, however, dis- 
tinct differences in the two spectral regions in which 
the CC-single and double bond stretching frequenc- 
ies and the C H  bending vibrations, respectively, 
appear. Only two intense vibrations are found in 
the finger print region: A, = 1230 cm-' and A2 = 
1260 cm-'. Above 1600 cm-' also two bands 
appear, a stronger one around 1620 cmpl and a 
weaker one around 1630 cm-'. In addition, there 
are fairly strong bands located at  1592, 1505, 1463, 
1436, 1412 and 1350-I. The positions marked in 
Fig. 3 refer to the maxima in the spectrum. Due to 
the above mentioned complex line shape function, 
the molecular vibration frequencies can-depending 
on actual line-shape-differ from the peak position 
by as much as one linewidth. 
DISCUSSION 
The most intriguing features of the fluorescence 
decay curves of the insect biliprotein, especially 
when compared to the results of algal pigments, are 
the following: 
(i) Although absorption and emission spectra are 
rather broad, there is no indication that the fluo- 
rescence originates from more than one emitting 
species (mono-exponential decay at  all observation 
wavelengths). The distance between like chromo- 
phores must be much larger than the radius for 
efficient energy transfer (Forster radius) and the 
orientational relaxation time must be much larger 
than the electronic lifetime since no fluorescence 
depolarization is observed (the time course of the 
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polarized fluorescence Ip(t) and f,(t) is identical 
within experimental error). Additional evidence for 
this conclusion is provided by the fluorescence ani- 
sotropy calculated for t = 0. The derived value 
of 0.4 corresponds to the theoretical limit, when 
absorbing and emitting transition dipole moments 
are parallel to each other. This is in agreement with 
the presence of one chromophore per apoprotein 
(mol. wt. = 25 000 KDa) and the absence of aggre- 
gation (Kayser and Zipfel, 1988). 
(ii) In biliproteins isolated from blue-green algae, 
the geometry of the chromophore in the native 
state is an extended one, which is rigidly fixed by 
interactions with the protein (see e.g. Scheer, 1982; 
Schirmer et al., 1985, 1987) exhibiting an excited 
state lifetime between 1 and 2 ns (for a review see 
e.g. Scheer, 1986; Holzwarth, 1987). Upon denatur- 
ation, the chromophore adopts a cyclic helical and 
much more flexible structure, its lifetime is reduced 
greatly. In chromopeptides, where this situation is 
also dominant the excited state lifetimes of the tetra- 
pyrrol chromophores were found to  vary between 
25 and 50 ps (Schneider et a/. , 1986; Schneider et nl., 
1988~) .  The lifetime found in the Pieris biliprotein is 
similar and thus confirms the conclusion drawn by 
Scheer and Kayser from the shape of the absorption 
band: in this pigment, the chromophore in its native 
state adopts a cyclic helical structure, which has a 
similar internal mobility as free chromophores have. 
The attempt to  draw conclusions about molecular 
geometry from the CARS spectra is presently 
impeded by the lack of normal mode analysis with 
high reliability and/or accuracy. Therefore, the 
hypothesis of cyclic helical chromophore structure 
must rely largely on a comparison of this spectrum 
with those of similar compounds, for which the 
geometry has been determined by independent 
methods. As the biliprotein from Pieris brassicae is 
currently under x-ray studies, a further refinement 
of the preliminary data, published recently (Huber 
et al.,  1987), will make possible a direct correlation 
of the bilin conformation with spectroscopic results. 
It can be stated as a general rule that phycocyan- 
ins originating from blue-green algae exhibit strong 
bands around 1650, 1273 and 1234 cm-', respect- 
ively, if the chromophore is held in an extended 
conformation by interaction with the native protein 
(Schneider et a/ . ,  1987, 1988a,b; Szalontai et al., 
1985). Upon denaturation of the apoprotein, which 
causes the phycocyanobilin chromophore to  adopt 
a more cyclic helical geometry, the above mentioned 
bands disappear and a new, strong band appears in 
the 162CL1630 cm-' region (Szalontai et al.,  1987; 
Margulies and Toporowicz, 1984). That the chromo- 
phore's vibrational frequencies in the insect biliprot- 
ein approximate those of denatured phycocyanin 
can be taken as additional evidence for the cyclic 
helical structure. In addition, it was found (Schnei- 
der et al., 1988c) that the model chromopeptide 
(Fig. 1 , 2 )  mentioned above (Falk et al., 1985) yields 
a similar CARS-spectrum with bands around 1260, 
PAP 48-2-H 
1610 and 1630 cm-' respectively. Despite the fact 
that the influence of the substituents on the various 
normal modes can not be predicted without a 
numerical analysis, we feel that the overall pattern 
in the finger print and double bond region is striking 
evidence for the difference in chromophore 
geometry in the biliproteins from algae and insects, 
respectively. 
CONCLUSION 
Both fluorescence lifetime and CARS spectrum 
(vibrational frequencies) support the hypothesis that 
the biliverdin IXy chromophore found in the bili- 
protein of Pieris brassicae is bound in a cyclic helical 
conformation with high degree of internal flexibility. 
In view of the importance, which the knowledge of 
chromophore structure of native pigments in room 
temperature solutions has, with respect to  the 
understanding of their various biological functions, 
work is under way to establish a force field for 
tetrapyrrol chromophores with the aim to correlate 
spectral information and chromophore geometry. 
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